Although Phytophthora cinnamomi is heterothallic, there are few instances of successful crossing in laboratory experiments, and analysis of field populations indicates a clonally reproducing population. In the absence of sexual recombination, the ability to monitor mitochondrial haplotypes may provide an additional tool for identification of clonal isolates and analysis of population structure. To determine mitochondrial haplotypes for this species, seven mitochondrial loci spanning a total of 6,961 bp were sequenced for 62 isolates representing a geographically diverse collection of isolates with A1 and A2 mating type. Three of the regions were primarily intergenic regions between trnG and rns, rns and nad3, and nad6 and cox1, while the remaining loci spanned cox2, nad9, rps10, and secY coding regions and some of the flanking spacer regions. In total, 45 mitochondrial haplotypes were identified (75% of the total isolates examined) with differences due to single-nucleotide polymorphisms (SNPs, totaling 152 bp) and length mutations (17 indels >2 bp representing a total of 910 bp in length). SNPs were the predominate mutation in the four coding regions and their flanking intergenic regions, while both SNPs and length mutations were observed in the three primarily intergenic regions. Some of the length mutations in these regions were due to addition or loss of unique sequences while others were due to variable numbers of subrepeats (in the trnG-rns region, there were 3 to 12 copies of a 24-bp subrepeat sequence that differentiated 17 haplotypes). Network analysis of the haplotypes identified eight primary clades, with the most divergent clade representing primarily A1 isolates collected from Papua New Guinea. The isolate grouping in the network corresponded to mating type and previously published isozyme classifications, with three exceptions: a haplotype representing an A1 mating type (H29) was placed well within the A2 mating type haplotype grouping, one haplotype (H26) had isolates with two isozyme classifications, and one isozyme group was represented on separate network clades, suggesting that recombination has occurred in the past. Among the 62 isolates examined, several examples were identified of isolates recovered from different geographic regions having the same mitochondrial haplotype, suggesting movement of isolates via plant material. Analysis of the data set to determine whether fewer loci could be sequenced to classify haplotypes indicated that the trnG-rns and rns-nad6 loci would classify 87% of the haplotypes identified in this study, while additional sequencing of the nad9 or secY loci would further differentiate the remaining six haplotypes. Based on conservation of gene order in Phytophthora spp., the trnG-rns locus should be useful for mitochondrial haplotype classification in other species, as should the cox2, nad9, rps10, and secY loci. However, the rnsnad3 and nad6-cox1 loci span regions that can have a different gene order in some Phytophthora spp.
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Phytophthora cinnamomi was initially described by Rands as the cause of a canker on Cinnamomum burmannii in Burma in 1922 (40) and has since been observed to have a worldwide distribution with a broad host range encompassing a wide range of horticultural crops and native forest vegetation. This species is best known for its devastating impact on native forest ecosystems in Australia, where it has caused what is commonly referred to as Jarrah dieback (4) . In the southwestern region of Australia alone, there are >2,285 species of susceptible plants (43) , which adds to the difficulty of managing this pathogen. The center of origin for P. cinnamomi is believed to be in the Papua New Guinea area due to the high level of genotypic diversity among isolates from this location observed in isozyme (35) as well as random amplified polymorphic DNA (RAPD) and restriction fragment length polymorphism (RFLP) studies (22) .
Although P. cinnamomi is a heterothallic species, it can be difficult to get oospores to form when pairing isolates of opposite mating type and, when oospores do form, they can be difficult to germinate (16) (17) (18) 32, 44) . However, Linde et al. (23) and Dobrowolski et al. (7) were successful in obtaining oospores from sexual outcrosses with sufficient germination frequency to allow analysis of the progeny. The ability of isolates to self and form oospores in single culture in response to different environmental stimuli has been reported but, again, the oospores are difficult to germinate (32, 41, 48) . Interestingly, Jayasekera et al. (16) observed selfing of isolates in colonized roots of Lupinus angustifolis when placed in soil underneath Acacia pulchella. The occurrence of sexual recombination in populations of P. cinnamomi is important because this could assist with long-term survival of the pathogen in the form of persistent oospores as well as increasing the potential for genetic diversity of the pathogen.
Isozyme analysis has been useful for identification of intraspecific variation in a range of Phytophthora spp. (10), including P. cinnamomi. Old et al. (34, 35 ) examined a collection of isolates from Australia and observed low levels of genetic diversity and heterozygosity, concluding that the population was not sexually recombining. Linde et al. (21) reported the same conclusion for a population from South Africa; although 9 multilocus genotypes were identified, for 14 of these isozyme loci, there were low levels of heterozygosity and genotypic diversity. Oudemans and Coffey (36) examined a worldwide collection of isolates and identified eight multilocus isozyme genotypes and, like Old et al. (34, 35) and Linde et al. (21) , found clear separation of A1 and A2 mating type isolates.
A more detailed analysis of population structure has been done with several different molecular markers. Linde et al. (22) used RAPD and RFLP analysis with their South African population and reported the same results they observed with isozyme analysis: the population was clonally reproducing. Interestingly, isolates from the Australian population were also included in the analysis and found to be almost identical to the South African population, leading the authors to conclude that both populations were introduced from the same location. The Australian population of this pathogen was examined in greater detail by Dobrowolski et al. (6, 8) using microsatellite analysis and found to consist primarily of three clonal lineages (one for A1 mating type isolates and two for A2) that corresponded with the isozyme groupings of Old et al. (34, 35) , further supporting the conclusion that the pathogen was introduced. More recently, populations recovered from ornamental crops in the southeastern United States were analyzed using amplified fragment length polymorphism (AFLP) analysis (9) . Isolates clustered in four primary clades in this analysis, with the majority of isolates in a single clade and only two of the isolates examined having an A1 mating type.
When working with predominantly clonally reproducing populations in which sexual recombination is either exceedingly rare or does not occur, the mitochondrial genome may provide an additional marker for analyzing populations. A good example for how useful mitochondrial haplotype analysis can be in Phytophthora spp. is the procedure initially described by Carter et al. (5) for P. infestans that is now widely used in population studies of this species. Because the mitochondrial genome is uniparentally inherited from the maternal parent in sexual outcrosses (11, 47) , in the absence of sexual recombination, the mitochondrial haplotype should be a good marker for following clonally reproducing populations. Early work using the mitochondrial genome as a marker focused on RFLP analysis for identification of species and, in some cases, subgroupings of a species (10) . More recently, polymerase chain reaction (PCR)-RFLP analysis of the cox1 and 2 gene cluster was found to be useful for identification of species, although intraspecific variation of P. cinnamomi was not identified in the four isolates examined (30) . Sequence analysis of mitochondrial genes (cox1, cox2, and nad1) has been used for phylogenetic analysis of the genus and, although useful for classification or identification of species, the levels of intraspecific variation tend to be low (19, 28, 29, 46) . In contrast, intergenic regions of the mitochondrial genome of Phytophthora spp. have been a useful source of inter-and intraspecific polymorphisms (24, 31, 42, 45) .
The availability of whole mitochondrial genome data for P. infestans (1, 37) , P. ramorum, P. sojae (26, 27) , and 17 other Phytophthora spp. (including P. cinnamomi) and 14 Pythium spp. in an ongoing mitochondrial genome sequencing project (F. Martin, unpublished) provided an opportunity to use comparative genomic approaches to identify regions of the genome that might be useful for inter-and intraspecific analysis of Phytophthora spp. The ability to do alignments across genera allowed for selection of specific loci useful for phylogenetic analysis and the development of highly conserved primers for their amplification. Likewise, the ability to examine the mitochondrial genome of P. cinnamomi and compare gene order differences with other species in the genus Phytophthora identified intergenic regions that might be more prone to intraspecific variation. The objective of this experimentation was to evaluate these mitochondrial loci at a DNA sequence level for their ability to differentiate mitochondrial haplotypes of P. cinnamomi in a geographically diverse collection of isolates.
MATERIALS AND METHODS
Cultures used. The 62 isolates used in this investigation were from the World Phytophthora Genetic Resource Collection at the University of California, Riverside (Table 1) . Cultures were grown and DNA extracted as previously described (3) .
Template amplification and sequencing. Loci to include in the analysis were identified by a comparative genomics approach using complete mitochondrial genome sequences from a range of Pythium and Phytophthora spp. (F. Martin, unpublished) . Four of the loci were coding regions and their flanking spacer sequences (cox2, nad9, rps10, and ymf16) that have been used for phylogenetic analysis of Phytophthora spp. (26) (F. N. Martin, unpublished) . Three loci (trnG-rns, rns-nad3, and nad6-cox1) were spacer regions that varied in size among the mitochondrial genomes of Phytophthora spp. that had been sequenced. DNA sequences for the flanking coding regions were extracted from the genomic sequences and conserved regions used to design amplification primers ( Table 2 ). All amplifications were done using ≈10 ng of template DNA, 0.5 mM forward and reverse primers, 2 or 3 mM MgCl 2 (Table 2) , 100 µM dNTP, 1× amplification buffer, and 1 unit of AmpliTaq (Applied Biosystems, Foster City, CA) in a volume of 25 µl. Templates were amplified in an ABI 9600 thermal cycler with the following cycling conditions: 1 interval of 95°C for 3 min; 35 cycles of 95°C for 1 min, 1 min of annealing for the indicated temperature (Table 2) , and extension at 72°C for 2 min; and 1 interval of 72°C for 5 min followed by a 4°C hold. After confirming template amplification by running samples on an agarose gel, sequencing templates were prepared by treatment with ExoSap (USB, Cleveland, OH) in accordance with the manufacturer's instructions and sent to the Nucleic Acid Sequencing Facility at the Penn State University (University Park, PA) for sequencing with the amplification primers unless otherwise noted (Table 2) . Each template was sequenced in both directions to generate a consensus sequence based on complementary strands. Sequencher 4.7 (Gene Codes, Ann Arbor, MI) was used to generate consensus sequences while DS Gene v. 2.5 (Accelrys, San Diego, CA) was used for making alignments.
Haplotype analysis. Sequences for each region were aligned by Clustal W in DS Gene v2.5, with McClade v. 4.02 (Sinaur Associates, Sunderland, MA) used to fine tune the alignment. Polymorphisms in the alignments among the isolates for each individual region were noted and classified as a separate haplotype; examples for each haplotype have been deposited in GenBank (Table 3) . Once the analysis of the individual loci was completed, the results for all seven loci were combined and a numeral designation for each final haplotype was given (Table 1) . To confirm the final haplotype classification, the individual alignments were concatenated in to a single alignment file and analyzed using DnaSP 5.10.01 (20) . To visualize in a cladogram the relationships among the different mitochondrial haplotypes based on the total number of base differences, the concatenated sequence alignment was modified to ensure that indels were accounted for by inserting standard IUPAC abbreviation codes in gaps corresponding to bases that were not present in the alignment. Unweighted pairgroup with arithmetic means analysis of the modified alignment was run in PAUP v. 4.0b10 (Sinaur Associates).
A haplotype network visualizing the relationship among the various haplotypes was calculated in SplitsTree v. 4.1 (14) using the unmodified data set (IUPAC codes were not inserted) with uncorrected P and a NeighborNet network calculation. To reduce the complexity of the network, a neighbor-joining network was constructed and 1,000 replicates of bootstrap analysis were run to determine statistical support for the branching. Network 4.5.1.6 (Fluxus Technology Ltd., Clare, Suffolk, England) was also used to confirm the network topography and overall grouping of haplotypes using maximum parsimony (MP). A median joining network calculation (2) was completed using the default 1:1 transition/transversion ratio and ε = 0. When the data set was examined in PAUP v. 4.0b10 to determine the transition/transversions ratio, it was found to be 1.57; changing this value to 1:2 in Network 4.5.1.6 and rerunning the analysis had no meaningful effect on the results. Likewise, higher values of ε were evaluated and, although the haplotype groupings remained the same, the hubs interconnecting the different groupings became much more complex, with many alternative pathways that complicated interpretation of the results. After the first median joining network calculation was run, the data set underwent MP post processing to delete links not used by the shortest trees in the network (38) and the network was redrawn. Phylogenetic analysis. A partition homogeneity test of the concatenated unmodified data set was run in PAUP v. 4.0b10 and phylogenetic relationships were evaluated among isolates by several methods. PAUP v. 4.0b10 was used to conduct MP analysis with a heuristic tree search with MULPARS on, steepest decent JF771741  JF770958  JF770595  JF746380  JF746309  JF746209  2  JF771369  JF771748  JF770972  JF770640  JF746332  JF746293  JF746219  3  JF771354  JF771739  JF770961  JF770613  JF746343  JF746310  JF746255  4  JF771340  JF771727  JF771018  JF770581  JF746341  JF746311  JF746217  5  JF771356  JF771779  JF770978  JF770612  JF746342  JF746308  JF746258  6  JF771352  JF771778  …  JF770632  JF746379  JF746307  JF746222  7  JF771384  JF771777  …  JF770630  JF746367  JF746312  JF746201  8  JF771355  JF771776  …  JF770631  JF746334  JF746278  JF746218  9  JF771361  JF771745  …  JF770584  JF746382  JF746317  JF746231  10  GU221966  JF771789  …  JF770599  JF746381  JF746319  JF746245  11  …  JF771747  …  JF770592  JF746364  JF746261  JF746246 
a Sequences for all isolates included in this investigation have been deposited in GenBank with the following accession numbers: cox2 (GU221964 to GU221969, JF771334 to JF771390), nad9 (JF771726 to JF771789), rps10 (JF770957 to JF771018), secY (JF770580 to JF770643), trnG-rns (JF46321 to JF46382), rns-nad3 (JF746259 to JF746320), and nad6-cox1 (JF46197 to JF46258).
option off, random addition of sequences (10 replicates), and TBR branch swapping. To determine support for the various clades of the trees, the analysis was bootstrapped with 100 replicates. In view of the large data set, the maximum rearrangement allowed per replicate was 10 8 to prevent the program from running out of memory. Maximum likelihood (ML) and Bayesian analysis (BA) was done using TOPALi v. 2.5 (33), with JModelTest v. 0.1.1 (39) used to determine the appropriate nucleotide substitution model. Based on the values of the Akaike information criterion, Bayesian information criterion, and decision theory performance-based selection for the concatenated data set, the transition nucleotide substitution model was selected. ML analysis was run in TOPALi using PhyML v. 2.4.5 with 100 bootstrap replicates. BA was run in TOPALi using MrBayes v. 3.1.1; two analyses were run simultaneously for 500,000 generations with a 10% sampling frequency and burn in of 35%. The runs converged after 500,000 generations with the potential scale reduction factor having a value of 1.0. The concatenated sequence data set is available online as Supplementary material.
RESULTS

Description of loci and types of mutations observed.
In total, approximately 6,961 bp of aligned sequences from seven loci (they amplified in all isolates) were used to determine mitochondrial haplotype. Polymorphisms were caused by singlenucleotide polymorphisms (SNPs) and length mutations (indels), with a total of 152 SNPs and 17 indels >2 bp in length.
cox2 + spacer-The 918 bp from this locus included 684 bp of the 3′ end of the cox2 gene, 12 bp of spacer, 99 bp of the putative orf32, 115 bp of spacer, and 8 bp of the 5′ end of the cox1 gene. Thirteen SNPs were identified with no indels for a total of 10 haplotype groupings for this locus.
nad9-The 928 bp from this locus included 558 bp of the nad9 gene, 312 bp of spacer sequences, and 140 bp of the flanking atp9 and cob genes, where the amplification primers were located. Twenty SNPs and 1 indel were identified, with a 26-bp indel for a single isolate located in a spacer region consisting of two 13-bp repeats from the region before the indel. In total, 18 haplotype groupings were identified for this locus.
rps10-The 556 bp from this locus included 327 bp of the rps10 gene, two full tRNAs (trnQ and trnR), two partial tRNAs where the amplification primers were located (trnI and trnF), and 38 bp of spacer sequences. Three SNPs and 1 indel were identified, with the 18-bp indel of a sequence repeat located in the rps10 gene for a single isolate. In total, five haplotype groupings were identified for this locus.
secY (ymf16)-The 826 bp from this locus included 744 bp of the secY gene and 82 bp of the putative open reading frame (ORF) ymf101. Thirteen SNPs were identified with no indels for a total of 11 haplotype groupings for this locus.
TrnG-rns spacer-The ≈994 to 1,214 bp from this locus included 302 bp of spacer sequence, two tRNAs (trnG-ucc and trnY), part of trnG(gcc) encoding the forward primer, and a putative ORF variable in size among isolates. In total, 12 SNPs and two indels were identified. Both indels were located in a putative ORF leading to sizes of 531 to 750 bp. One 3-bp deletion was found in five isolates, with the second indel highly variable among isolates with a 24-bp sequence that was repeated 3 to 12 times. In total, 30 haplotype groupings were identified for this locus, 17 of which were based on variable numbers of the 24-bp repeat.
rns-nad3 spacer-The ≈1,415 to 1,755 bp from this locus (1,852-bp aligned sequence) included 557 bp of spacer sequence, 1 tRNA (trnW), and a putative OFR that varied in size for some isolates due to indels (825 to 1,095 bp). This locus was the most variable region examined, with 67 SNPs and 12 different indels identified. Eight of the indels represented unique sequences that had been deleted, with four indels consisting of additional copies of 27-and 36-bp repeated sequences (a 0.66-to 1.66-fold increase in length in two specific loci). All but four of the indels were found only in the A1 mating type isolates from Papua New Guinea, as were 24 of the SNPs. In total, 24 haplotype groupings were identified for this locus.
nad6-cox1 spacer-The 622-bp from this locus contained primarily spacer regions (525 bp) with one tRNA (trnR) and the coding regions from the flanking genes where the amplification primers were located. Twenty-four SNPs and 1 indel were identified, with the indel consisting of an additional copy of a 23-bp sequence repeat located in the spacer region for two isolates. In total, 15 haplotype groupings were identified for this locus.
Mitochondrial haplotypes. When the sequences for the seven loci were concatenated for the 62 isolates of P. cinnamomi examined, 45 mitochondrial haplotypes were identified ( Table 1) . Some of the differences among haplotypes were minor (one SNP differentiated haplotypes 9, 10, and 11) whereas, in other instances, the differences were larger and resulted in diverse isolates grouping on a separate branches of the cladogram (haplotype 37 to 45) (Fig. 1) . Haplotypes in this separate clade were the most divergent and represented A1 mating type isolates primarily from Papua New Guinea. With the exception of the separation of these mitochondrial haplotypes, the remaining isolates did not exhibit further major segregation in their grouping on the cladogram. Likewise, there was limited grouping of isozyme genotype on the cladogram. There were no examples where opposite mating types had the same haplotype but there was one example where a haplotype (H26) had two different isozyme types.
There was some association of mitochondrial haplotype and host, suggesting that distribution on plant material may contribute to geographic spread. An example of this is found with isolates recovered from P. americana; H3 isolates were recovered from this host in Spain and South Africa while H9 isolates were recovered from Hawaii and California (other haplotype 9 isolates were recovered from different tree hosts in Poland and Australia). Likewise, H29 isolates were recovered from horticultural hosts in Japan and Taiwan. Highly similar haplotypes differing by only one or two SNPs were also found on isolates from different regions. For example, H15, H16, and H17 isolates were recovered from several tree species in Spain, Portugal, and California. This was also observed for isolates recovered from Camelia spp. (H22 and H23 isolates were recovered from Germany and California and H18 and H20 isolates were recovered from South Carolina and California) and horticultural crops in Switzerland and California (H7 and H8).
Haplotype network and phylogenetic analysis. The neighborjoining haplotype network generated using SplitsTree v. 4.10 generated a network with eight primary branches that were well supported by bootstrap analysis (Fig. 2) . The similarities among haplotypes on a specific clade are reflected by their proximity on the network. For example, for the clade with H1 to H4, several unique SNPs and two indels (27 and 12 bp in the rns-nad3 region) differentiated this clade from the other haplotypes while different numbers of a 24-bp subrepeat in the trnG-rns region differentiated H3, H2, and H1 (six, five, and four copies, respectively), with H4 having five copies and an additional 36-bp insertion in the rns-nad3 region. From reviewing the data for specific clusters of haplotypes on the same clade, varying numbers of the 24-bp subrepeat in the trnG-rns region was often the mutation differentiating these haplotypes. The most divergent clade was the group of A1 isolates recovered from Papua New Guinea; this clade was separated from the other haplotypes by two deletions in the rns-nad3 region (11 and 282 bp), with variation within the clade caused by isolate-specific SNPs and indels. There was a consistent correlation between haplotype grouping on the neighbor-joining network with mating type and isozyme grouping, with several exceptions; H29 has an A1 mating type but grouped well within the A2 mating type haplotypes, H26 had one isolate each that was in isozyme group 2 and 3, and H7 was in isozyme group 4 yet it grouped with isozyme group 5 haplotypes H8 and H14.
Rerunning the analysis using MP in Network 4.5.1.6 provided nearly identical results, with several notable exceptions; some of the longer branch lengths were shorter, H5 and H33 were on independent branches (there was poor bootstrap support for the grouping of these haplotypes in Fig. 2) , and H36 was terminal to the H1 to H4 clade (although H36 branches off from the H1 to H4 clade close to the main backbone of the network in the SplitsTree network in Figure 2 , this has poor bootstrap support). Phylogenetic analysis using MP, ML, and BA generated trees that had the same topography and strong bootstrap support for the major branching patterns, as observed with the haplotype network (Fig. 3) .
Simplified haplotype determination. Rather than sequence all seven loci to determine mitochondrial haplotype, the data for the individual loci were grouped in different combinations and haplotype analysis was run in DnaSP 5.10.01 in an effort to determine the minimum number of loci needed for accurate classification for the haplotypes identified in this study. Combining data for trnG-rns and rns-nad3 differentiated 39 of the 45 haplotypes, with the remaining 6 haplotypes grouping into three groups of two haplotypes each (H9 and H10, H26 and H27, and H39 and H40). For isolates that fit within H9 and H10 or H39 and H40, sequencing the nad9 locus would differentiate individual haplo- Fig. 1 . Unweighted pairgroup method with arithmetic means tree showing the differences among the 45 mitochondrial haplotypes (Hap.) of Phytophthora cinnamomi identified in this study and their relationship to mating type, location of recovery, host, and isozyme type, as described by Oudemans and Coffey (36) . Results represent 6,691 bp from the concatenated data from four mitochondrial genes with flanking spacer sequences (cox2, nad9, rps10, and secY) and three mitochondrial spacer regions (trnG-rns, rns-nad3, and nad6-cox1) . To ensure that gaps were taken into consideration in the analysis, they were recoded using IUPAC codes prior to running the analysis in PAUP 4.0b10.
types. For H26 and H27 or H39 and H40, sequencing the secY locus differentiated haplotypes. Rather than sequencing the entire trnG-rns region, nested sequencing primers that eliminate the first 250 bp will provide the same haplotype results as the entire region. Likewise, designing sequencing primers for the rns-nad3 region that do not include the first 400 bp of the alignment will reduce the amount of sequencing needed but not alter results.
DISCUSSION
Sequence analysis of the seven mitochondrial loci that were examined revealed a high degree of sequence divergence among isolates of P. cinnamomi, with a total of 45 haplotypes identified out of 62 isolates. There were 152 SNPs and 17 indels for a total of 1,062 polymorphic bases in alignments of all isolates. Although some of the differences among haplotypes on a clade were single SNPs or the number of a subrepeated sequence, a greater diversity of SNPs and indels separated the major clades observed in the analysis. Based on the results of the haplotype analysis, there are several examples in the data set where isolates from different geographic locations were the same haplotype (H3, H9, H12, H17, H26, and H29), suggesting human involvement in movement of the pathogen. However, to confirm this, it will be necessary to compare these mitochondrial groupings with nuclear genotypic data for the same isolates to evaluate whether there is a correlation between the two genomes.
The most variable regions of the mitochondrial genome of P. cinnamomi examined in this study were the intergenic regions trnG-rns, rns-nad3, and nad6-cox1. Although the trnG-rns region had the fewest SNPs (n = 12) of these three loci, when combined with a 24-bp subrepeat sequence present in 3 to 12 copies in a putative ORF, this locus differentiated 30 haplotype groups. When looking at the network analysis (Fig. 2) , it is this varying number of the 24-bp subrepeat that is responsible for many of the closely spaced haplotype clusters observed on individual branches. For example, H20, H21, and H23 differ only in the number of these subrepeats, as does H11 and H17, H7 and H13, H26 and H28, and H19 and H22. Interestingly, a change in the number of these repeats was observed in one isolate over time, suggesting that this type of mutation is more prevalent than SNPs or indels. Isolate P2160 was originally isolated in 1971 in South Africa and placed in long-term storage but, in 2002, it was used in a greenhouse pathogenicity trial reisolated from infected tissue and deposited in the World Phytophthora Culture Collection as culture P10140; isolate P2160 had three copies of the 24-bp subrepeat while P10140 had four. In light of this observation, additional studies with multiple isolates are needed to evaluate the long-term stability of this characteristic in haplotype classification.
Schena and Cooke (42) previously examined the trnG-rns region for a range of species and concluded that it was useful for Fig. 3 . Maximum parsimony tree for Phytophthora cinnamomi using 6,961 bp from the concatenated data from seven mitochondrial regions (trnG-rns, rns-nad6, nad3-cox1, cox2 and -1, nad9, rps10, and secY) inferred by a heuristic tree search. Numbers at the nodes are the percentage of trees that were supported by bootstrap analysis for maximum parsimony (1,000 replications, bottom number), percent Bayesian posterior probabilities (middle number), and maximum likelihood (100 replications, top number). Matting type is indicated in the box in the clade branch.
intra-as well as interspecific comparisons; however, they suggested using a forward primer located in the trnY coding region. The tnG-rns amplicon used in the current study spans this same region but generates a larger amplicon because the trnG is located upstream from trnY. For P. cinnamomi, using the amplicon generated with the trnG forward primer identified an additional SNP in trnG(ucc) and a single base indel between the tRNAs that would have been missed if a primer in the trnY coding region was used. Intraspecific variation has been observed in this region with P. infestans (1, 37) , P. nicotianae (20 mitochondrial haplotypes in 51 isolates for this and one other locus; 24), and other Phytophthora spp. as well (F. N. Martin, unpublished) ; therefore, this larger amplicon should be sequenced in preliminary haplotype analysis to confirm whether additional polymorphisms are present.
The rns-nad3 region had the greatest number of SNPs (n = 67) and indels (n = 12) of all the loci examined that, combined, generated a total of 24 haplotype groupings. In nearly all cases, the indels were unique sequences with different numbers of subrepeated sequences observed in only two examples; unlike the subrepeat sequence in trnG-rns that varied widely in copy number among isolates, subrepeats in the rns-nad3 intergenic region had a low copy number and were found in only a few isolates. The mutations observed in the nad6-cox1 region were primarily SNPs, with only a single indel observed in a few isolates, and allowed for the differentiation of 15 haplotype groups.
Four of the loci examined in this investigation (cox2, nad9, rps10, and secY) contained primarily coding regions with limited amounts of flanking intergenic sequences, yet they were useful for haplotype classification, with 13, 20, 3, and 13 SNPs separating isolates into 10, 18, 5, and 11 haplotypes, respectively, when each locus was analyzed individually (indels were rare in these loci, with only one observed in the nad9 and rps10 locus for individual isolates). Portions of the cox2-cox1 gene cluster have been used previously for phylogenetic analysis of Pythium spp. (25, 46) , Phytophthora spp. (15, 19, 28, 29, 46) , and a broader analysis of the oomycetes (13) as well as a template for PCR-RFLP identification of Phytophthora spp. (30) . Due to the polymorphisms in the spacer and coding regions immediately flanking the spacer, this region was also used for the development of a Phytophthora genus-and species-specific diagnostic marker system (31, 45) . Schena and Cooke (42) also commented on the utility of this spacer region for phylogenetic and taxonomic purposes (their primers IgCoxF and IgCoxR are the same as FMPh-8b and FMPh-10b previously reported by Martin et al. [31] , with IgCoxF modified with two degenerate bases). However, of the 13 SNPs identified for P. cinnamomi with this locus in the current study, 9 of them were located in the cox2 gene rather than the intergenic region. Inter-as well as intraspecific polymorphisms in the cox1 and -2 spacer region have been found with a number of Phytophthora spp. and this region can be very useful for species identification and haplotype analysis (31) . Sequence alignments of this region for a wide range of Phytophthora spp. and isolates used in the development of diagnostic markers (31, 45) are available for BLAST analysis or they can be downloaded from the diagnostics section of the Phytophthora Database (www.phytophthoradb.org) or Phytophthora ID (www. phytophthora-id.org).
The nad9 locus exhibited the greatest level of intraspecific variation of the four loci spanning coding regions with 20 SNPs, 14 of them located in the intergenic region between the atp9 and nad9 genes. Schena and Cooke (42) also found this spacer region variable among species but reported amplification from a smaller number of species compared with other mitochondrial regions they amplified (it was not clear if this was due to a lack of amplification of some species or if additional species were not tested). Amplification primers for the nad9 gene used in the current study were initially developed so this gene could be used for phylogenetic analysis of the genus Phytophthora (F. N. Martin, unpublished) and they have successfully amplified templates from virtually all described Phytophthora spp. in a mitochondrial multigene phylogenetic study currently in progress (F. N. Martin, J. Blair, and M. Coffey, unpublished).
The network analysis of the mitochondrial data provided a visual representation of the relationships among the haplotypes and paralleled the results observed with the phylogenetic analysis (MP, ML, and BA). With a few exceptions, the grouping of isolates also agreed with what had been observed for mating type and isozyme grouping. There was one example of a haplotype with an A1 mating type (H29) that grouped well within the A2 mating-type cluster. Although this could be an example of homoplasy, with parallel mutations occurring with this isolate and the A2 isolates, this does not seem likely because it would involve, at a minimum, 11 base changes in five loci. It is more likely that this observation is due to intraspecific crossing that has occurred at some time in the past. Likewise, there were two examples of incongruence when looking at haplotype and isozyme groupings: H26 grouped with isozyme group 3 isolates but also has an isolate that is in isozyme group 2; and H7 is in isozyme group 4 but, in the network analysis, grouped with other isolates in isozyme group 5. These isozyme groupings are similar, with each group differing at only one locus; whereas isozyme groups 2 and 3 were homozygous with different electrophoretic types, isozyme group 4 was homozygous and group 5 heterozygous at the same locus, which may also reflect an outcrossing event in the past. Of the eight major clades observed in the network analysis, the greatest diversity in mitochondrial sequences was observed in the clade for A1 isolates from Papua New Guinea (H37 to H39 and H41 to H45), which is consistent with the results of isozyme analysis of Old et al. (34, 35) and RAPD and RFLP analysis of Linde et al. (22) and supports the suggestion that the center of origin of the species may be Papua New Guinea. However, to confirm whether this region is the center of origin, additional analysis (such as coalescent analysis) of the mitochondrial data is needed.
The amplification primers used in this experimentation were designed from highly conserved flanking coding regions identified in alignments from data collected from published sequences for P. infestans (1, 37) , P. ramorum, and P. sojae (26, 27) and data from a mitochondrial genome sequencing project for 17 other Phytophthora spp. (F. Martin, unpublished) . Alignments also included sequences from Saprolegnia ferax (12) and 14 Pythium spp. (F. Martin, unpublished) and, when possible, the primers were designed from regions conserved for all genera (trnG-rns and rns-nad3 regions); therefore, it is anticipated that they should amplify these regions for other Phytophthora spp. as long as the gene order is maintained. The trnG-rns region examined in this study is a highly conserved gene order in Phytophthora spp.; however, the rns-nad3 and nad6-cox1 gene order are present only in some Phytophthora spp. (F. N. Martin, unpublished) . Comparative mitochondrial genomics studies are in progress to clarify gene order differences in relation to phylogenetic grouping in an effort to simplify selection of spacer regions that will be useful for intraspecific comparisons.
In all, 39 of 45 haplotypes (87%) identified in this experimentation could be classified by sequencing only the trnG-rns and rns-nad3 loci, with the remaining six loci differentiated by the nad9 or secY locus, thereby reducing the sequencing needed for classification. Purified DNA obtained from cultures is required when using the primers designed in this investigation; with the high level of sequence conservation used for primer design, they would be expected to amplify other Phytophthora or Pythium spp. present in environmental samples, thereby complicating haplotype analysis. However, comparison of spacer region sequences from a range of Phytophthora spp. (including those phylogenetically closely related) suggest that it should be possible to design species-specific primers that would allow for template amplification directly from infected plant tissue without the need for culturing (F. N. Martin, unpublished). It should also be possible to reduce the time and expense required for haplotype determinations based on sequencing by modifying the primers to amplify templates in the range of 200 bp and using melt curve analysis rather than sequencing. This approach has worked well for haplotype determination with P. ramorum, with a single A/T base difference detected (F. N. Martin and L. Radmer, unpublished).
